Introduction
Meckel (a.k.a. Meckel-Gruber) syndrome (MKS) is a lethal autosomal recessive condition associated with multiorgan pathology. MKS gene protein products are localized to cilia, basal bodies and/or centrosomes similar to other hepatorenal fibrocystic diseases. Hepatorenal fibrocystic diseases are characterized by cysts and fibrosis of kidney and liver with polycystic kidney disease (PKD) as the most common form while Meckel syndrome (MKS) appears to be the most severe form. MKS usually causes a fetal or rapid postnatal demise with renal cystic pathology, central nervous system and other systemic abnormalities [1] . The Wpk rat model has a single nucleotide change in the orthologous gene to human Meckel syndrome (MKS3). The MKS3 gene encodes for the transmembrane protein meckelin (108 kDa), with widespread organ expression [2] . Rats homozygous for the Wpk mutation exhibit a phenotype similar to human MKS including prominently cystic kidneys, but are viable [3] . Wistar-Wpk rats survive through weaning, so it was possible to evaluate differences in protein expression that might serve as biomarkers of disease severity.
Proteomics of renal cystic disease is a new field of research. Valkova et al. [4] studied the renal proteome of jck mice (a model of human nephronophthisis 9), finding overexpression of galectin-1, vimentin and sorcin in cystic kidneys. We hypothesize that rodent samples may be e32 a source of important proteomic information, identifying potential biomarkers for the disease and its progression. We performed a proteomic analysis of 10-day (early stage) and 21-day (late stage) Wpk cystic kidneys compared to normal littermates to identify misexpressed proteins that were increased (or decreased) later in the disease that may be useful biomarkers for disease progression.
Materials and Methods

Antibodies
Mouse monoclonal antibodies (mAb) to MDGI (mammaryderived growth inhibitor -heart-type fatty acid-binding protein, sc-58275, 1: 400) and GAPDH (sc-47724, 1: 1,000); polyclonal antibody (pAb) to laminin-R (sc-20979, 1: 200), galectin-1 (sc-19277, 1: 1,000), HSC-70 (heat-shock cognate 71, sc-1059, 1: 200), VCP (ATPase p97, sc-9783, 1: 400) and polycystin-2 (sc-10377) were from Santa Cruz Biotechnology, Inc. (Santa Cruz, Calif., USA). Mouse mAb to vimentin (ab8069, 1: 35) and rabbit pAb to GRP78 (78-kDa glucose-regulated protein, ab21685, 1: 2,000) were from Abcam (Cambridge, Mass., USA). Mouse mAb to polycystin-1 (7e12) and fibrocystin (mAb 11, mAb 5a) were provided by Christopher Ward (Mayo Clinic, Rochester, Minn., USA). Horseradish peroxidase (HRP)-conjugated secondary antibodies to mouse (#115036068), goat (#705035147) and rabbit primary antibodies (#711035152) were from Jackson ImmunoResearch Laboratories (West Grove, Pa., USA).
Animals
A breeding colony of Wpk rats was established at Indiana University School of Medicine [3] . All animal procedures were approved by the Indiana University Institutional Animal Care and Use Committee. Male and female Wistar-Wpk/+ rats were bred producing the homozygous cystic (experimental group) and the phenotypically normal littermates (control group). Male and female offspring were evaluated at 10 and 21 days of age. At termination, the rats were anesthetized (sodium pentobarbital, 100 mg/ kg, i.p.), systemically perfused with 0.9% saline, the left kidney removed (and snap frozen in liquid nitrogen) while the right kidney was perfusion fixed (4% paraformaldehyde) and paraffin processed for light microscopy. Prior to proteomic analysis, the left kidney samples were stored at -45 ° C and processed at one time.
Preparation of Renal Samples
One kidney from each animal was thawed, cut and blotted onto an absorbent napkin to remove cyst fluid from the grossly cystic specimens. Kidneys were minced, sonicated in a solubilization solution (9 M urea, 1% dithiothreitol and 4% CHAPS), and protein concentration determined (2-D Quant Kit, Amersham Biosciences, Pittsburgh, Pa., USA).
Two-Dimensional Gel Electrophoresis
18 Wpk rats were studied with two-dimensional (2-D) electrophoresis (6 10-day compared with 12 21-day rats, vs. normal kidneys, all gender matched). Kidney samples (750 g) were loaded onto immobilized pH gradient strips to separate proteins by isoelectric point (pI), then applied to slab gels (Jule Inc., Milford, Conn., USA) and separated in the second dimension based on mass. Gels were stained with colloidal Coomassie Blue, scanned with an ImageScanner III (GE Healthcare, Piscataway, N.J., USA) and analyzed with Progenesis SameSpots software (Nonlinear Dynamics, Ltd, Durham, N.C., USA) to identify significantly different (p ! 0.01) protein spots in at least one group using ANOVA. Spots with significant differential expression ( 1 1.5-fold) and with a misexpression pattern of interest were cut from the gels and subjected to LC-MS/MS analysis for identification.
Mass Spectrometry
Gel plugs were destained with acetonitrile in 50 m M NH 4 HCO 3 , reduced with 10 m M DTT, alkylated with iodoacetamide, and digested with modified trypsin at 37 ° C overnight, followed by serial extraction with acetonitrile. Tryptic peptides were injected onto a C18 microbore reversed-phase liquid chromatography (Zorbax 300SB-C18) column at 50 l/min. Western Blot Analysis 10-and 21-day normal and cystic kidneys were homogenized in buffer (1% Triton ! 100, 150 m M NaCl, 20 m M Tris, 2 m M EDTA with protease inhibitor at pH 8). Protein concentration was assessed using the micro-BCA protein assay (Pierce Co. part of Thermo Fisher) and proteins separated on a NuPage Novex 4-12% Bis-Tris or 3-8% Tris-Acetate Mini gel (Invitrogen, Carlsbad, Calif., USA). Lower-molecular-weight proteins ( ! 20 kDa) were separated using a 20% polyacrylamide gel. All samples were loaded in duplicate at 50 g protein/lane. Proteins were transferred to a Hybond TM -C Extra nitrocellulose membrane (Amersham Biosciences, UK) and nonspecific binding sites blocked by incubating overnight in 3% FBS in TBS containing 0.1% Tween 20 (TBS-T). Blots were washed 3 ! 5 min in TBS-T and incubated with the appropriate primary antibody for 1 h at RT. After washing in TBS-T, blots were incubated with species-specific HRPconjugated secondary antibodies for 1 h. Blots were washed, and then developed with an ECL SuperSignal kit (Thermo Fisher Scientific, Rockford, Ill., USA).
Results
Altered Protein Expression in Wpk Kidneys
There is a dramatic increase in the cystic pathology between 10 and 21 days Wpk/Wpk homozygous cystic kidney compared with littermate normal kidney ( fig. 1 b,  c) . A dataset comparison of 2-D gels identified 76 statistically differentially expressed trypsin protein fragments, i.e. spots ( fig. 1 a) , compared with the noncystic kidney, with 52 spots/proteins selected for identification via LC-MS/MS. Two overexpressed proteins were galectin-1 and vimentin ( fig. 2 ). Other differentially expressed proteins of high interest in the Wpk kidney were: actin, tran-e33 sitional endoplasmic reticulum ATPase (ATPase p97, VCP), laminin receptor 1, fatty acid-binding protein (H-FABP-MDGI), glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and 78-kDa glucose-regulated protein (GRP78, BiP) ( table 1 ). Galectin-1 and vimentin are overexpressed in cystic kidneys.
Galectin-1 and vimentin were overexpressed in cystic kidneys ( fig. 2 ; 1.8-and 9.2-fold at 3 weeks of age, respectively), which was confirmed by Western blot analysis ( fig. 3 ). Galectin-1 and vimentin appeared to be overexpressed at both 10 and 21 days by proteomic analysis but only convincingly overexpressed at 3 weeks by Western blot analysis. Five spots ( table 1 ; fig. 1 a) on the original 2-D gels were identified as vimentin, and all spots demonstrated marked overexpression (range 4.0-to 9.2-fold).
Interestingly, vimentin was reduced in normal kidney at 21 days compared to the 10-day normal kidney by Western blot analysis ( fig. 3 ) that was not detected in the 2-D gel proteomic analysis ( fig. 2 ).
2-D Gel Analysis Identifies Additional Misexpressed Proteins in Cystic Disease
GRP78 and laminin receptor 1 (laminin-R) were overexpressed at both timepoints on 2-D gel analysis ( fig. 2 ), but Western blot only confirmed the overexpression at 21 days ( fig. 3 ). Cytoplasmic actin was identified with 34% sequence coverage in two separate 2-D gel spots ( table 1 ) with a 9.5-fold overexpression at 21 days in cystic kidneys which Western blot confirmed ( fig. 3 ). Spot 41 ( fig. 1 a) was overexpressed at both timepoints on the 2-D gels and was co-identified as 78-kDa glucose-regulated protein (GRP78) and ATPase p97 ( fig. 2 ). GRP78 was overexpressed while ATPase p97 was markedly underexpressed at 21 days compared to normal littermates ( fig. 3 ) . Two other proteins were underexpressed (2.8-fold) in 21-day cystic kidneys but normally expressed in 10-day cystic kidney, heart isoform of fatty acid-binding protein (H-FABP, MDGI) (decreased 2.8-fold) and GAPDH (decreased 2.3-fold). Proteomic analysis of differentially expressed proteins. These images represent magnified sections from the 2-D gels. The spots (10-day normal, 10-day cystic, 21-day normal, and 21-dayold cystic kidneys, respectively) were identified via LC-MS/MS as galectin-1 and vimentin. Each set of four images was taken from the same coordinates on four different, representative gels. The differential expression pattern of galectin-1, vimentin, actin, and laminin-R were increased with the extent of cystic pathology while GAPDH and H-FABP were decreased. We selected a spot ('A4') that was equally expressed on all 2-D gels to serve as an internal control which MS/MS identified as heat-shock cognate 71-kDa protein (HSC-70). Western blot confirmed a 70-kDa band that is equally and highly expressed at both timepoints in normal and cystic kidneys.
Expression of ADPKD and ARPKD Proteins in the Wpk Rat
2-D gel analysis is an effective method of proteomic investigation; however, proteins that are hydrophobic, low abundance or with extreme molecular weight and pI, are poorly represented [5] . Cilia-associated proteins are typically hydrophobic, low-abundance proteins, therefore we assessed the expression of the protein products of the human ADPKD genes, PKD1-polycystin-1 (PC-1) and PKD2-polycystin-2 (PC-2), and the ARPKD gene product-fibrocystin/polyductin (FC) with Western blotting ( fig. 4 ) . PC-1 was equally expressed in normal and cystic kidney at both ages, while PC-2 was markedly overexpressed in 21-day cystic kidneys. Full-length fibrocystin/polyductin (450 kDa) and its putative 60-kDa frag- -1 ( 1 250 kDa) , polycystin-2 (110 kDa) and fibrocystin (full-length 450 kDa, C-terminal fragment ϳ 60 kDa). Full-length fibrocystin is labeled with an Nterminal antibody (mAb 11) and the C-terminal fragment is labeled with mAb 5a. The four samples on each blot are, respectively, 10-day normal, 10-day cystic, 21-day normal and 21-dayold cystic Wpk rat. Samples were run in duplicate lanes. 
Discussion
Several differential mRNA expression and mRNA microarray studies were published using kidney tissues from polycystic humans [6, 7] , animals [8] or cultured cells from ADPKD kidneys [9] . These studies largely focused on late-stage cystic disease and/or cells from latterstage disease. While RNA is necessary for cellular translation, proteins can undergo posttranscriptional modifications which can modify their activity. Therefore, mRNA expression is frequently poorly correlated to the abundance of a fully functional protein. 2-D gel analysis of proteins, such as those in tissue homogenates, enables an analysis of differential expression as well as changes in protein mass and/or pI. Protein expression patterns on 2-D gel may reflect biologically significant processing and charge alterations in addition to posttranslational modifications [5] that would not be predicted by mRNA assessment. Disease stage proteomic studies can identify misexpression specific to cystic disease and its progression.
We sought a 'housekeeping' protein to serve as an internal control for renal cystic disease studies. Two were selected from the 2-D gel and identified by MS/MS as HSC-70 and ␤ -actin. HSC-70 was equally and highly expressed among all samples on 2-D gel ( fig. 2 ) and in Western blots that were loaded with equal amounts of protein which confirmed its utility as an equally expressed protein in both the 2-D gel and in the Western blot studies ( fig. 3 ) . Cytoplasmic ␤ -actin was overexpressed in 21-day cystic kidneys in 2-D gel ( fig. 2 b) and by immunoblot ( fig. 3 ) . Cui et al. [10] recently validated internal RT-PCR controls for use in renal cystic disease (cpk mouse), suggesting Gapdh and Actb genes represent suitable controls. Our results suggest the corresponding protein products, GAPDH and ␤ -actin, are misexpressed in Wpk cystic kidneys and would make poor proteomic controls. We concluded that HSC-70 appears to be the best control for proteomics.
Galectin-1 and vimentin were overexpressed in Wpk cystic kidney relative to the normal kidney. Valkova et al. [4] , also using 2-D gel electrophoresis and mass spectrometry, similarly demonstrated galectin-1 and vimentin overexpression in jck cystic kidneys, a model of human nephronophthisis 9. These data suggest that there are commonly misexpressed proteins in multiple forms of cystic disease that could serve as biomarkers of the disease condition and/or progression. Galectin-1 was overexpressed in both nephronophthisis and MKS, but no studies have characterized a role for galectin-1 in cystic disease.
However, galectins may be important in renal cystic diseases. Galectin-3, a related cilia protein, is involved in cyst-forming MDCK cells [11] and cpk mouse PKD [12] . Galectin-3 colocalizes with laminin in the cultured epithelium and augmenting media with galectin-3 inhibited MDCK cyst enlargement [11] . However, when cpk mice were crossed with galectin-3 null mice, the renal cystic pathology was increased [12] . Therefore, galectins (1 and/ or 3) contribution to renal cystic disease may be complex in pathological epithelia. For example, endometrial carcinoma cells overexpress galectin-1 and laminin-R and underexpress galectin-3 [13] . The overexpression of galectin 1 and laminin-R in the Wpk kidney may inhibit galectin 3 expression, a protein necessary for renal epithelial morphogenesis [14] .
Vimentin is an intermediate filament protein found in fibroblasts, endothelial cells, and mesenchymal cells. Confluent, cultured ADPKD epithelial cells express 5 times more vimentin than normal epithelial cells [15] and we found a 4.0-to 9.2-fold overexpression of vimentin in the 21-day cystic kidney. However, vimentin is overexpressed in a number of renal pathologies including radiation nephropathy [16] , the initial reparation phase of ischemic acute renal failure [17] and tubulocystic renal carcinoma [18] . While it is currently unclear what role vimentin overexpression plays in MKS renal pathology, polycystin-1 can interact with vimentin [19] . Overexpression of vimentin is also associated with epithelial to mesenchymal transition [20] . In the PCK rat model of ARPKD, mesenchymal expression of vimentin in cholangiocytes is discussed as mesenchymal transition that could contribute to the development of hepatic fibrosis [21] . Vimentin expression by renal and biliary cystic tissues appears to be a feature of the cystic cell phenotype. In our study, vimentin overexpression was associated with a severe cystic phenotype.
While laminin-R initially appeared to be overexpressed at both 10 and 21 days, it was only markedly overexpressed at 21 days as determined by Western blotting. Laminin-R is a 67-kDa, membrane-associated protein that forms from the dimerization of a 37-kDa precursor [22] . The mature receptor interacts with extracellular laminin while the precursor has a dual function as the 40S ribosomal subunit. Laminin-R is well described e37 in oncology literature to play a role in tumor aggressiveness by modifying laminin-1, resulting in the activation of proteolytic enzymes that promote cellular invasion through extracellular matrix degradation [23] . As previously discussed, endometrial carcinoma cells overexpress both laminin-R and galectin-1 [13] similar to our findings in the Wpk kidney suggesting that these proteins may act in concert. The Han:SPRD rat model of ADPKD develops laminin deposits in cyst wall basement membrane, especially in areas of cellular immaturity [24] , suggesting an interrelationship between basement membrane thickening, laminin and cellular dedifferentiation. Joly et al. [25] have shown that purified laminin-5 augments cyst growth in culture. Laminin-R is believed to be involved in regulating or stabilizing the interaction of laminin with the ␣ 6 ␤ 4 integrin [26] . Laminin ␣ 5 chain is critical for normal tubule formation/maintenance since mice null for this laminin chain develop cystic kidneys [27] . These findings suggest that extracellular interactions between laminin, integrins, and laminin-R regulate cystic cell proliferation and possibly cystogenesis.
ATPase p97 and H-FABP were underexpressed in 21-day Wpk cystic kidneys. ATPase p97 (VCP) is a component of the endoplasmic reticulum (ER)-associated degradation (ERAD) pathway and participates in the retrotranslocation of ubiquinated PC-2 from the ER to the cytosol [28] . In the present study, underexpression of ATPase p97 coincides temporally (21 days) with a marked overexpression of PC-2. Likewise, Liu et al. [29] found a 3-fold underexpression of ATPase p97 in advanced human ADPKD tissue. H-FABP is expressed in distal tubule and has been validated as a biomarker of distal tubule injury [30] . H-FABP was markedly underexpressed at 21 days in the cystic kidney, possibly due to a reduction in distal tubule mass as a percent of the kidney secondary to cystic expansion and renal fibrosis.
Three proteins involved in human PKD were also found in the Wpk kidney by Western blot ( fig. 4 ) . While polycystin-1 was not differentially expressed, polycystin-2 was overexpressed in 21-day cystic kidney. We hypothesize that PC-2 overexpression may be secondary to underexpression of ERAD pathway components (i.e. ATPase p97) responsible for degrading PC-2. Meckelin has been identified as being required for ERAD [31] . Fulllength fibrocystin/polyductin, and its putative 60-kDa fragment were underexpressed at 21 days. A 60-kDa Cterminal fragment, identified in cultured cells (HEK 293, mIMCD-3 cell lines) [32, 33] , appears to correspond to the FCD fragment [33] . This FCD fragment represents the transmembrane/cytosolic domain remaining after proteolytic shedding of the fibrocystin extracellular domain. Interestingly, a global gene profile of human AD-PKD tissue demonstrated down-regulation of mRNA for PKHD1 and upregulated PKD2 expression [7] , a pattern similar to our findings.
In summary, renal misexpression of galectin-1, vimentin, H-FABP, laminin-R, PC-2 and fibrocystin were identified in late-stage renal cystic disease in the Wpk rat model of MKS. Several of the identified proteins coincide with data from other animal models (cpk and jck mouse) and/or human forms of the renal cystic disease. Such differences in protein expression need to be further evaluated in order to identify proteins that may serve as biomarkers of disease and/or progression for renal cystic pathology.
